
X-RAY 8TRUCTURg Of THE CYGNWB mOB. 
,', ' , ' ,  1 ' I 8 - I I .  , 

I I , ,  8 '  - 
'I. 

, , I' ' ' ,  , , I  I 8  I - I 8  I I ' I '  

Pa Gorenotein, B. Harris, H. Gursky, R. Giaoaoni 

American Saienca and Engineering, Ina, 

cambridge, Maasaohusetts 02142 

, ,,, 'and 
7' 1. f 

Re Novicrk and P, Vanden Baur 

Eolumbiar As trap hy utar Labratury 

Columbia University, NBH Yurk, New York 19023 



X-RAY STRUCTURE OF THE CYGNUS MOP 

P .  Gorenstein, B .  Harris, H. Gursky, R .  Giacconi 
AmerPcan Science and Engineering, Inc . 

Cambridge, Massachusetts 02142 

and 
R .  Novick and P. Vanden Bout 

Columbia Astrophysics Laboratory 
Columbia University, New York, New York 10027 

ABSTRACT 

X-ray emission from the Cygnus Loop was observed in the energy 

region .2 - lkeV with a collector that focused x-rays along one dimension 

while scanning across the nebula. The total integrated intensity is 1.3 x 
2 -8 

10 ergs/cm -sec. The one dimensional x-ray structure has the same 
0 angular size - 3  as the outermost boundaries of the optical filaments. 

There is no increase in x-ray emission a t  the center of the nebula nor a t  

the strong feature that i s  seen in certain radio maps. The x-ray spectrum 

is consistent with thermal radiation from a hot plasma a t  a temperature of 
60 about 4 x 10 K with evidence for a line a t  19g corresponding to the 2pdlS 

transition of OVIII. 



X-ray emiss ion from the  supernova remnant known a s  the  Cygnus  

Loop or  Veil Nebula w a s  observed in the  energy range . 2  - IkeV from 

a n  a t t i tude  controlled Aerobee 170 sounding rocket  tha t  w a s  launched 

4:55UT on 2 6  June 1970 from the  Whi te  Sands  M i s s i l e  Range. A recent  

a r t i c l e  by Grader, Hill and Stoering(1) has  reported i n t e n s e  x-ray emiss ion  

i n  th i s  range from a n  extended objec t  which they identif ied wi th  the Gygnus 

Loop. Also th i s  ob jec t  is very l ike ly  coincident  with the  x-ray source  

Vul XR-1 which had been reported previously with a n  imprecise  locat ion(2).  

The purposes of th is  observat ion  were  to: 1. obta in  a p r e c i s e  

locat ion  that  would confirm the identif icat ion by Grader e t  a1 of the 

extended x-ray source wi th  the  Cygnus  Loop; 2.  obtain a high resolut ion 

mapping of the  x-ray emiss ion  that  could b e  correlated with the  opt ica l  

and radio p ic tures  of the  Cygnus  Loop; 3 .  dis t inguish  between a thermal 

and non-thermal mechanism on  the b a s i s  of a spec t ra l  a n a l y s i s  of the  

x-ray da ta ,  

A rather  unique instrumentat ion system b a s e d  o n  focus ing x-ray op t i c s  

by  means of grazing inc idence  reflect ion w a s  used i n  th i s  observation.  

For x-ray wavelengths  exceeding 1 OX, the  potential  advan tages  of focusing 

compared to conventional  s y s  terns a r e  be t ter  angular  resolu t ion  and a n  

improved ra t io  of s ignal- to-noise by virtue of the  f a c t  that  the focused  image 

is considerably  smaller  than the  col lec t ing  area .  Hence,  the  de tec tor  c a n  

b e  smal l  and l e s s  influenced by cosmic  ray ef fec ts ,  Also the  reflect ing 

su r faces  effect ively block the  direct  pa th  of sof t  charged pa r t i c l e s  that  a r e  

sporadica l ly  p resen t  i n  the  s p a c e  environment. These pa r t i c l e s  would other- 

w i s e  penet ra te  the thin ent rance  window of the  de tec tor  and add t o  the  back- 

ground level ,  This part icular  instrument c o n s i s t s  of a col lec tor  that  f o c u s e s  

radiat ion i n  o n e  dimension upon a multi-element x-ray detec tor  i n  t h e  focal 

plane,  The col lec tor  c o n s i s t s  of e igh t  nes ted  reflect ing p l a t e s  whose  

dimensions a r e  20cm x 40cm and is symmetric about  the cen t ra l  p lane ,  Each 

p la te  is curved s l ight ly  to  approximate a parabola i n  one  dimension and 
I 

f o c u s e s  to  a common l ine.  The overa l l  f ield of view of the  instrument is  



0 0 
2 along the direction of ~ o c u s i n g  and 9 along the perpendicular 

direction, 

The eight reflecting surfaces a re  commercial Imm thick float g lass  

overcoated with a n  evaporated layer of 15008 of chromium for improved 

x-ray reflectivity a t  short wavelengths and are  reenforced by a s teel  

backing. The focal plane detector is two - four wire proportional counters 

with a n  entrance window of 1 , 3  microns of polypropylene, The wires were 
0 

spaced a t  a distance equivalent to an  angular separation of 0,  5 which 

determines the angular resolution of the system, A regulated supply system 

of pure propane gas  compensated for l o s se s  through the thin polypro- 

pylene windows by maintaining the pressure a t  a constant level of 50cm. 

of 'Hg, The energy resolution of t h e  detectors gave a full width a t  half 

maximum in  the pulse amplitude distribution of 100% for photon energies 

(wavelengths) of .28keV (44x1 and about 40% a t  1.25keV (102). The entire 

system is sensi t ive  in  the wavelength bands 80 - 448 (. 16 - .28keV) and 

20 - lei? (. 6 - 1. 2keV). Photography of the s tar  field a t  intervals of one 

second provided the aspec t  dataa, More instrumentation detai ls  a re  

described elsewhere(3). 

This observation took place during t he  later phases  of the rocket flight 

prior to reentering t h e  earth 's  atmosphere, X-ray data from other regions 

of the sky will be reported separately, Approximately 1500 net  counts were 

obtained during a single scan across  the Cygnus Loop that took place a t  a 

rate of 1/4°/second. Figure 1 shows the angular response of four independent 

detectors to the Cygnus Loop plus, for purposes of comparison, the response 

to well  collimated radiation in  the laboratory, With the aspec t  information 

count data from the four detectors can  be properly combined and represented 

in  celes t ia l  coordinates, The result  i s  a one dimensional x-ray map of the 

Cygnus Loop that is shown superimposed upon a photograph of the optical 

filaments in Figure 2, 



Severa l  conclus ions  follow from a comparison of t h e s e  maps,  One,  

the s i z e  and structure of the x-lay emiss ion  is c o n s i s t e n t  with tha t  of the  

shel l- l ike region bounding the  opt ica l  filaments. The diameter  of the  x- 
0 

r ay  region is about  2,8 , l i ke  that  of the outermost boundaries of the 

f i laments,  There is no i n c r e a s e  i n  x-ray emiss ion a t  the  cen te r  of the 
0 nebula. Two, to within the  resolut ion of the  instrument,  1/2 , the l e v e l  

of x-ray emiss ion  dec l ines  rather  sharply a t  t h e  outer  boundaries of the 

opt ica l  filaments, T h r e ~ , ,  the  strong cent ra l  feature tha t  appears  i n  a radio  

contour map (4) d o e s  no;: coincide  with a strong maximum i n  the  x-ray 

emission,  

A spect ra l  a n a l y s i s  w a s  made of the p u l s e  ampli tude distr ibution of 

the counts  from the Cygnus  Loop. The usual  procedure w a s  followed; 

a n  assumed function of energy containing undetermined parameters  is 

multiplied by a l l  the  known eff ic iencies  and is convolved wi th  a resolut ion 

function that  s imulates the  p u l s e  amplitude distr ibution response  of the  

proportional couriter to  mono--energetic photons a t  a n y  energy(51, For 

e a c h  s e t  of parameter va lues  the  degree  of agreement be tween t h e  computed 

and observed pu l se  ampli tude spect ra  is decided quant i ta t ive ly  o n  the b a s i s  

o f  a minimum chi-square t e s t ,  Grazing inc idence  t e l e scopes  require a 

correction for a n  energy dependent  x-ray reflect ion eff iciency.  A theoret ical  

e f f ic iency function w a s  computed for th is  part icular  instrument from the 

ref lec t ion  propert ies  of c hrarnium a s  measiired by Ers ho\-, Brytov, and  

Lukirskii(6).  The theore t ical  te lescope cf i ic iency w a s  confirmed a t  1 . 2  5keV 

by laboratory measurements 

At the  es t imated  d i s t a n c e  to the Cygnus  Loop, 77Qpc(7),  the opaci ty  

of  the  ga laxy becomes s igni f icant  for x-ray energies ,  E, less than 0,3keV, 

In the  a n a l y s i s  a s e t  o f  x-ray a t tenuat ion  coeff ic ients  for the in ters te l la r  

medium a s  recent ly  computed b y  Brown and Gould(8) for revised  helium and 

neon abundances  were  used to ca lcu la te  P ( E ,  N 1, the in ters te l la r  trans- 
H 

mission. The value  of NH, the number of hydrogen atoms along the l ine  of  



sight was  left as  an undetermined parameter, The large volume of the 

Cygnus Loop precludes any internal. absorption, 

Two c l a s s e s  of spectral funet?.ons multiplied by interstellar  trans- 

mission were considered: 

~ W / C I E  = A ~r (E, N ~ )  Exp ( - E ~ K T ) / E  C B 6 (E - .6 5keV) 

The quantities a, T, N B, and A a r e  the undetermined parameters, The 
13' 

two expressions represent alternative physical, processes  resulting i n  x- 

ray emission, 

Expression ('a) represents the type or' spectrum that could be produced 

by synchrotron radiation, for example, the Crab XebuBa, Expression eb) 
is an  approximation to the thermal emission spectrun that one expects 

from a hot p2s~;ma thzt contains a cosmic elemental abundance. T h e  actual  

spectrum would c ~ n s r  .t a?' ~or~t i r tuum p j c ~  3 number of l ines  3rd 

recombination edses ,  f r  has b c ? ~  scgqestcd that a i ine 3 t  O065keV corm- 

sponding to the 2F-+IS iransition of OVEI'I would he a prominent feature of 

the thermal x-iay eii?; s.;s,c? L'iorri t l ie  borzr,daries oC a shock wave that has 

been produccd cs a res~:lt- of a su~ti-l iova explosion expanding into the 

interstellar  medi uLii(S], W e  this feature by a delta function in  

expression (SP, 

The results  of the analysis  show that expression (a) is inconsistent 

with our data for a11 possible  values of the spectral index, cue  However, 

one can probably nstexcPude more complex expressions that might a r i se  

from synchrotron radiation, for example, a power law spectrum that is 

characterized by a large change in  the spectral  index between 20  and 158. 



Expression (b) did fit the data with a n  acceptable value of tile chi-square 

with a finite value for the strength of the Eine at  8,65keV (the quantity 

"B"),  Since (b) i s  only an approximation to the actual. spectrum of radiation 

from a hot plasma the temperature foernd as  a result  of ficting this expression 

is not necessari ly the same as the true temperature of the plasma, The 

observed and computed pulse h e i ~ i ~ i  distributions are  shown i n  Figure 3 ,  

The parameters associilted with the bes t  (minimum chi-square) f i t  are: 

-8 2 Total Integrated Intensity = I., 5 x i O  ergs/cm -sec E > .2keV. 

The most outstanding result  of the analysis  is that about one-third 

of the energy flux frcrn the Cygnus Loop for E > .2keV i s  contained i n  a 

l ine  a t  0, 65l.;eiJ, If true, i t  i s  rather f i rm evidence "chat the source of "ihe x- 

ray emission i s  a hot plasma and for the  existence of high ternperatares i n  

old supernova remnants, Hence, i x  i s  important to examine this result  

rather carefully, Inspection of the raw puf se height data from the Gygiius 

Loop shows that there are a large  number of counts between - 5 5  and .I?tikeV. 

This resul ts  in the line a t  . 6 5ke1J in  the analysis ,  This feature is  not 

questionable on the basis of i t s  s ta t is t ical  significance, If spurious i t  

originates in systematic errors, Tlze most i.mportantppossible systematic 

errors are: incorrect reflection efficiency s f  the collector, and a n  incorrect 

energy calibration of the proportional counters, 30th these effects  would 

be confined to the  region around .65keV as  the other parameters we determine 

for the C ygnus Loop spectrum are i n  agreement with reference ( I ) .  A s  

for the f i rs t  effect  i t  is true that the x-ray reflection efficiency of the 



chromium collector is undergoing large changes in  the vicinity of the 

chromium L -edges. However, actual  experimental values of reflectivity 

including edge effects a s  measured by Ershov e t  al(6) were used in the 

calculation of the collector efficiency function, Additional measurements 

a t  several  wavelengths on chromium plates  similar to the ones  used in 

the collector confirmed the applicability of the theoretical reflectivity 

to  our chromium surfaces, To simulate the effect of a l ine  the value we 

used for the collector efficiency would have to be low by about a factor 

of two a t  .65keV. We feel that this large a n  error is unlikely. The other 

possible  systematic error is an  incorrect energy calibration of the 

proportional counter pulse  amplitude response. The calibration is based 

on a n  irradiation of the counters with characterist ic x-rays of ,1185, .282, 

.68  and 1.25keV several  days before flight, One of the calibration points 

is very c lose  i n  energy to the oxygen line, There a re  several indications 

from the flight data that the energy calibration is correct. A large increase 

in counting efficiency occurs below 0.28keV due to the K-edge of carbon 

i n  the detector window. In general the pu lse  height distribution reflects 

this feature. Errors in  energy calibration would a l s o  distort  other data as 

wel l  a s  the Cygnus Loop. In the c a s e  of other events seen  in  this  

experiment both background data and another source, Cyg X-1, there a r e  

not indications of anomalies a t  0.65keV, the energy of the line. 

If we exclude the possibil i ty that the spectral function is undergoing 

rapid changes in  the wavelength interval of the observation, then the 

most l ikely form of the x-ray emission i s  radiation from a high temperature 

plasma. Hence the process responsible for the x-rays from the Cygnus 

Loop .appears to be quite dist inct  from that of the Crab Nebula. This is 

not surprising i n  view of the large difference in age  and volume between 

the objects,  One now might consider the possibil i ty that the large x-ray 

flux is responsible for the excitation of the optical l ine emission observed 

from the filaments of the Cygnus Loop. However, in  the hot plasma 

hypothesis one encounters the difficulty of explaining the lack of consistency 



between the high temperature observed in the x-ray region and the 

apparent low expansion velocity of the filaments, 

W e  now know of two c l a s s e s  of x-ray sources among the supernova 
3 

remnants -- the remnants of events that took place l e s s  than 10 years 
4 

ago, and thcse more than 10 years old, Members of the f i rs t  c l a s s ,  e.g., 

Crab Nebula, Tycho's Supernova, and C a s  A are  visible a t  energies above 

2keV while members of the second c l a s s  have been seen  only below IkeV, 

The Cygnus Loop belongs to the second c l a s s  and a recent report by 

Palmieri e t  alf lO) adds Vela X and Puppis A to this c l a s s ,  The x-ray 

emission mechanism i s  known for only one member of the first  c l a s s ,  the 

Crab Nebula and i t  i s  synchrotron radiation. Cur resul ts  suggest  that 

another mechanism, thermal radiation from a hot plasma, is responsible 

for the emission from the second class .  
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Figure !, Solid l i n e s  a r e  t h e  r e sponse  of four independent  proportional 
0 

counter  e lements  i n  foca l  p lane  during 1/4 /second s c a n  a c r o s s  Cygnus  

Loop, Dotted l i n e s  r ep resen t  r e sponse  of instrurnent t o  point  source  a t  

d i s t a n c e  of 80  meters.  

Figure 2, Total x-ray data  from Cygnus  Loop superimposed upon photograph 

of f i laments taken i n  red l ight  with 48-inch schmidt t e l e scope  (Mt, Wi l son  

and Palomar Observator ' ies),  Field of view of the instrument is broad along 

direct ion of dashed l i n e s ,  

Figure 3, T h e  points  a r e  t r ~ e  pu l se  height distr ibution of counts  from the  

Cygnus  Loop a s  observed wi th  th is  instrument, Smooth curves  a r e  t h e  

computed response  of the instrument to  express ions  (a) and two c a s e s  of 

express ion (b), R =: C, a n d  I3 f in i te ,  The l i n e  of s ight  d e n s i t y  of in ters te l la r  

hydrogen is included in  the tr ial  functions a s  a f ree  parameter,  In ters te l la r  

a t tenuat ion  accoun t s  for  part  of the  turnover a t  low energies ;  the r e s t  is 

instrumentral, 
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